Summary 24 25
Fusarium verticillioides is a fungal pathogen that is responsible for maize ear rot and stalk rot 26 diseases worldwide. The fungus also produces carcinogenic mycotoxins, fumonisins, on infested 27 maize. Unfortunately, we still lack clear understanding of how the pathogen responds to host and 28 environmental stimuli to trigger fumonisin biosynthesis. The heterotrimeric G protein complex, 29 consisting of canonical Ga, Gb, and Gg subunits, is involved in transducing signals from external 30 stimuli to regulate downstream signal transduction pathways. Previously, we demonstrated that 31
Gb protein FvGbb1 has direct impact on fumonisin regulation but no other physiological aspects 32 in F. verticillioides. In this study, we identified and characterized a putative receptor for activated 33 C kinase 1 (RACK1) homolog FvGbb2 as a putative Gb-like protein in F. verticillioides. The 34 mutant exhibited severe defects not only in fumonisin biosynthesis but also vegetative growth and 35 conidiation. FvGbb2 was positively associated with carbon source utilization and stress agents but 36 negatively regulated general amino acid control. While FvGbb2 does not interact with canonical 37
Introduction
The canonical heterotrimeric G protein complex, which consists of a, b, and g subunits (Neves et 69 al., 2002) , is critical for sensing environmental stimuli, including the pheromones, nutrients and 70 host infection. When activated by their cognate ligands, seven transmembrane domain receptors, 71
i.e. G protein-coupled receptors (GPCRs), will go through a conformational change. This leads to 72 the exchange of GTP for GDP in the Gα subunit triggering the dissociation of G protein complex 73 (Xue et al., 2008) . Both the Gα subunit and the Gβγ dimer are responsible for initiating downstream 74 signaling pathway including cAMP and MAPK kinase pathways. Multiple Gα subunits are 75 identified in filamentous fungi, while only one canonical Gβ subunit is found in fungal species (Li 76 et al., 2007) . Gβ subunit is best studied WD40-repeat protein. In addition to harboring seven 77 WD40-repeat domains, Gβ subunit also contains a short coiled-coil motif in the N-terminus region 78 responsible for interacting with Gg subunit (Zeller et al., 2007) . In addition to the Gβ subunit, 12 79 out of 55 WD proteins have seven WD40-repeat domains in S. cerevisiae, but only one Gβ and 80 one Gβ-like protein were identified (Smith et al., 1999) . Studies suggest that Gβ-like protein is 81 associated with diverse physiological functions in fungi . 82 83 Putative Gβ-like protein RACK1 was first identified from a chicken liver cDNA library. Later, 84 RACK1 was also identified as a receptor protein for Activated Protein Kinase C (PKC) 85 (Mochlyrosen et al., 1991; Ron et al., 1994) . In Aspergillus fumigatus, the deletion of RACK1 86 homolog CpcB led to defects in hyphal growth, virulence and gliotoxin biosynthesis (Kong et al., 87 2013; Cai et al., 2015) . In rice blast pathogen Magnaporthe oryzae, RACK1 homolog Mip11 was 88 identified as a Mst50-and MoRgs7-binding protein, which is critical in cAMP signaling and plant 89 infection (Li et al., 2017; Yin et al., 2018) . RACK1 homologs were shown to interact directly with 90 one of Ga subunits in multiple fungi, including S. cerevisiae, Cryptococcus neoformans and M. 91 oryzae (Palmer et al., 2006; Zeller et al., 2007) . Furthermore, a recent study in Arabidopsis 92 thaliana demonstrated that RACK1 actually serves as a scaffolding protein for Gβ subunit and a 93 downstream MAPK cascade component involved in plant immunity (Cheng et al., 2015) . If 94 RACK1 were to be recognized as a Gβ-like protein in F. verticillioides, one question we can ask 95 is whether this protein physically interacts with heterotrimeric G protein subunits. 96
97
In F. graminearum, the deletion mutant of Gβ protein GzGpb1 facilitated ZEA and DON 98 production but was defective in the hyphal growth and pathogenicity (Yu et al., 2008) . Our 99 previous study demonstrated that Gβ subunit FvGbb1 positively regulated FB1 biosynthesis, but 100 otherwise showed very limited roles in F. verticillioides vegetative growth and virulence (Sagaram 101 and Shim, 2007 ). Significantly, as described earlier, Gβ-like subunit RACK1 is involved in diverse 102 functions in multiple eukaryotic organisms. The outcomes from our FvGbb1 study led us to 103 hypothesize that an alternative non-conventional Gβ-like subunit may compensate for the main Gβ 104 subunit functions in F. verticillioides. In this study, we characterized the functional role of putative 105 protein shared a high amino acid identity with its orthologs (Fig. S1 ). Both FvGbb2 and FvGbb1 120 are predicted to contain seven WD-40 repeat motifs, while FvGbb1 has an extra coiled-coil domain. 121
FvGbb2 did not share high protein similarity with FvGbb1, but this is not surprising when you 122 consider structural diversity of WD-40 repeat motifs and the difficulty associated with predicting 123 secondary structure information (Wang et al., 2016) . But, to further study FvGbb2 against 124 canonical Gb subunits in fungi, amino acid sequences of candidate proteins were aligned with 125 ClustalW software (Larkin et al., 2007) , and the phylogenetic tree was built with bootstrap 1000 126 replicates using MEGA 7 (Kumar et al., 2016 To study the functional role of FvGbb2, we generated a null mutant of FvGBB2 (∆Fvgbb2) by 135 replacing the gene with the hygromycin-resistance gene (Fig. S2A ). FvGBB2 transcript in the 136 mutant was tested by qPCR, and the complete loss of FvGBB2 expression indicated successful 137 gene deletion (Fig. S2D ). The ∆Fvgbb2 mutant grew significantly slower and less fluffy compared 138 to the wild type (WT) on V8, 0.2xPDA, myro and YEPD agar plates ( Fig. 2A ). In addition, 7-day-139 old YEPD liquid cultures of double deletion mutants ∆Fvgbb2-gbb1, ∆Fvgbb2-gpa2 showed 140 extremely high levels of undetermined dark pigment ( Fig. 2A) . Additionally, when examined 141 under the microscope, ∆Fvgbb2 exhibited shorter but noticeable hyper-branching hyphae (Fig. 2B ). 142
Gene complementation strains ∆Fvgbb2-Com and ∆Fvgbb2-GFP showed full recovery of the 143 growth defects in the ∆Fvgbb2 strain. These results indicated that Fvgbb2 is important for 144 vegetative growth in F. verticillioides. Moreover, we measured the number of conidia after 8 days 145 incubation on V8 plates at room temperature. ∆Fvgbb2 exhibited dramatic inhibition of conidia 146 production and germination ( Fig. 3A and 3C ). Interestingly, we found that ∆Fvgbb2 mycelium 147 mass (fresh weight) in YEPD liquid media was significantly higher than WT ( Fig. 3B ). To further 148 understand the molecular basis of these defects, we studied expression levels of conidia-related 149 genes including FvBRLA, FvWETA, FvABAA and FvSTUA. Total RNA was extracted from WT 150 and mutant mycelia collected from YEPD liquid cultures incubated for 20 h with agitation (150 151 rpm). Transcript levels of conidia-related genes were all significantly down-regulated in ∆Fvgbb2 152 in myro and YEPD liquid media ( Fig. 3D and S3A ). We also tested whether FvGbb2 is essential 153 for sexual reproduction, but all mutant strains were capable of perithecia production ( Fig. S3B ). 154 155 FvGBB2, FvGBB1 and FvGPA2 play important roles in secondary metabolism 156 157 Fumonisin B1 (FB1) is the most important mycotoxin produced by F. verticillioides in maize 158 (Marin et al., 2013) . Here, we assayed FB1 production in ∆Fvgbb2, ∆Fvgbb1, and ∆Fvgpa2 in autoclaved kernels and surface-sterilized kernels (Silver Queen hybrid, Burpee Seeds) after 8 days 160 of incubation ( Fig. S4A and S4B ). Interestingly, we noticed differences in pigment production 161 ( Fig. 4A and B ). Additionally, FB1 production levels were dramatically lower in ∆Fvgbb2, 162 ∆Fvgbb1 and ∆Fvgpa2 mutants when compared to WT and complemented strains ( Fig 4C and D) . 163
To verify the role of FvGbb2 in F. verticillioides secondary metabolism, we used qPCR to test 164 transcription of 15 PKS genes. Total RNA samples were extracted from mycelia grown in myro 165 broth, in which we noticed intense carmine red pigment production after 7 days of culturing with 166 150 rpm shaking ( Fig. S4C ). Consistently, all tested PKS genes showed significantly altered 167 expressions in ∆Fvgbb2. Notably, PKS11 (FUM1), which is responsible for the first step of FB1 168 biosynthesis, was significantly downregulated in ∆Fvgbb2 and ∆Fvgbb1 (Table S1) To study the subcellular localization of FvGbb2, we fused GFP to the C-terminus of FvGbb2 with 175 its native promoter ( Fig. S5A ). We observed that strong FvGbb2-GFP signal widely distributed in 176 F. verticillioides cells grown on both 0.2xPDA and myro agar medium ( Fig. S5B~D ). To further 177 uncover the relationship between FvGbb2 and G protein subunits, we examined colocalizations of 178 FvGbb2 with FvGbb1 and FvGpa2. Briefly, mCherry-FvGbb1 and FvGpa2-mCherry were 179 independently transformed into the FvGbb2-GFP strain. Unfortunately, we were not able to 180 determine mCherry signals of FvGbb1 and FvGpa2 in growing hyphae tips (18 h) at room 181 temperature due to very low signal intensity (data not shown). However, FvGbb1 and FvGpa2 mCherry signals from 0-and 10-h post-inoculation samples were clearly visible in the plasma 183 membrane and vacuoles ( Fig.5A and B ). Significantly, our observations showed that GFP-FvGbb2 184 does not colocalize with mCherry-FvGbb1 and FvGpa2-mCherry, suggesting that FvGbb2 does 185 not physically interact with FvGbb1 and FvGpa2 in selected time points in F. verticillioides. 186
187
The Gβ-like protein FvGbb2 does not physically interact with F. verticillioides canonical 188
heterotrimeric G protein components 189 190
Our localization study led us to ask the relationship between FvGbb2 and canonical heterotrimeric 191 G protein subunits. We used the yeast two-hybrid system to test the interaction between these 192 proteins in vivo. Results showed that FvGbb2 does not physically interact with heterotrimeric G 193 protein subunits (FvGpa1, FvGpa2, FvGpa3, FvGbb1, FvGpb1) in yeast cells ( Fig. 5C ). To further 194 verify these results and to circumvent the limitations known in yeast two-hybrid system, we 195 performed in vivo split luciferase complementation assay. However, we did not observe luciferase 196 activity in all samples tested, indicating that FvGbb2 and G protein subunits (FvGpa1, FvGpa2, 197 FvGpa3, FvGbb1, and FvGpb1) do not interact in F. verticillioides (Fig. 5D ). FvGbb1 (Gb subunit) 198 and FvGpb1 (Gg subunit) were used as a positive control in split luciferase complementation assay. 199
200

FvGbb2 is important for corn seedling virulence 201 202
Our previous study demonstrated that Gβ subunit is dispensable for the stalk rot virulence in F. 203 verticillioides (Sagaram and Shim, 2007) . FvGbb1 was fully capable of causing stalk rot disease 204 when inoculated into maize B73 inbred stalks. To further investigate the function of Gβ-like 205 protein on pathogenicity, we performed seedling rot assay with ∆Fvgbb2, ∆Fvgbb1, ∆Fvgpa2, 206 ∆Fvgbb2-gbb1, ∆Fvgbb2-gpa2 strains along with WT and complemented strains. The single 207 mutant ∆Fvgbb2 exhibited reduced virulence, but double mutants ∆Fvgbb2-gbb1 and ∆Fvgbb2-208 gpa2 were far less virulent when compared to the WT progenitor ( Fig. 6A and 6B ). These results 209 suggest that FvGbb1, while physically not interacting with FvGbb2, plays a supplementary role in 210 F. verticillioides seedling rot virulence. 211
212
FvGbb2 is associated with carbon source utilization and stress response 213 214 Yeast RACK1 homolog ScAsc1 is positively associated with glucose sensing (Zeller et al., 2007) . 215
Here, we cultured mutant strains on different carbon sources to test whether FvGbb2 played a 216 similar role in F. verticillioides. In addition to dextrose, we tested sucrose, fructose and xylose as 217 the sole carbon source in Czapek-Dox agar plates ( Fig. 7A and C). While ∆Fvgbb2 showed general 218 vegetative growth defect, we learned that the negative impact on mycelial growth was more severe 219 in dextrose when compared to sucrose, fructose and xylose. This result was in agreement with the 220 study in S. cerevisiae. Additionally, ∆Fvgbb2 exhibited a similar pattern related to growth in 221 fructose but to a lesser extent in contrast to xylose medium. 222 223 Moreover, in S. cerevisiae, MAPK Slt2 phosphorylation level was enhanced Scasc1 mutant 224 (Chasse et al., 2006) . Thus, we hypothesized that FvGbb2 is associated with stress responses in 225 F. verticillioides. As shown in Fig. 7B and D, ∆Fvgbb2 exhibited increased sensitivity to SDS (cell 226 wall stress) and H2O2 (oxidative stress) but not to NaCl (salt stress). When relatively compared, 227 ∆Fvgbb2 grew better in NaCl than with SDS or H2O2 in the medium. This result indicates that 228
FvGbb2 is positively associated with cell wall stress response but negatively with salt tolerance. 229
To test whether FvGbb2 regulates stress response via interacting with MAP kinase pathways, we 230 performed yeast two-hybrid and split luciferase complementation assays to test the interaction 231 between FvGbb2 with three cell wall integrity MAPK kinase cascade proteins (FvSlt2, FvMkk1/2, 232 FvBck1) ( Fig. S6A and S6B ). However, these studies did not reveal direct physical interactions. 233
234
FvGbb2 is negatively involved in amino-acid starvation 235 236
In response to amino acid starvation, S. cerevisiae cells stimulate the expression of a number of 237 amino acid metabolism genes, which is known as the general amino acid control (GAAC) response 238 (Wek et al., 2004) . Here, we performed a growth assay in the medium containing 3 mM 3-amino-239 l,2,4-triazole (3-AT) to determine the possibility of FvGbb2 playing a role in GAAC response. As 240 shown in Fig 9A and 9B , ∆Fvgbb2, ∆Fvgbb2-gbb1 and ∆Fvgbb2-gpa2 stains all showed similar 241 resistance to 3-AT treatment. To investigate whether the growth suppression in ∆Fvgbb2 is due to 242 the increase in transcription of amino acid biosynthesis genes, we tested the expression of three 243 genes associated with GAAC response. Consistently, HIS5 and TRP3 genes were up-regulated in 244 the ∆Fvgbb2. Notably, HIS5 and TRP3 gene transcription had doubled under a non-starving 245 condition (0h with no 3-AT) in ∆Fvgbb2 compared to WT. But we did not observe ARG3 gene 246 expression increase with 3-AT treatment in ∆Fvgbb2 in contrast to WT at selected time points. 247
These results suggest that FvGbb2 plays an important role in suppressing GAAC response in F. we found that the deletion of FvGBB2 led to a reduction in FB1 production and enhanced the 288 production of pigments in maize ( Fig 4A) , myro liquid medium ( Fig 4C) , and 0.2xPDB (data not 289 shown). However, it is interesting to note that the pigment biosynthesis was not altered in F. virulence when tested for maize stalk rot. The virulence deficiency likely is due to the impaired 304 vegetative growth on seedlings. However, we did not rule out the possibility that ∆Fvgbb2 305 virulence deficiency is also due to the impaired response against stress factors. In S. cerevisiae and 306 M. oryzae, the RACK1 deletion mutants showed higher sensitivity when exposed to cell wall stress cerevisiae and M. oryzae, ∆Fvgbb2 exhibited sensitivity towards SDS stress, but we found no 312 experimental evidence that FvGbb2 physically interacts with MAPK kinase cascade components 313 FvBck1, FvMkk1/2, and FvSlt2. However, we are further investigating this due to the possibility 314 that FvGbb2-MAPK interactions may occur in a specific, yet-to-be determined condition. On 315 another note, the RACK1 homolog in S. pombe Cpc2 was positively involved in the cytoplasmic 316 catalase production, which in turn mediates the detoxification of hydrogen peroxides (Nunez et al., 317 2009 ). In line with this previous study, ∆Fvgbb2 exhibited more sensitivity to oxidative stress 318 agents. Moreover, a prior study demonstrated that rice OsRACK1A has negative impacts on salt 319 tolerance and interacts physically with salt stress-related proteins (Zhang et al., 2018a) . Our analysis also revealed that ∆Fvgbb2 mutant strain showed a higher level of tolerance against NaCl 321 treatment. In A. fumigatus, the mutation in AfcpcB gene showed no such effect (Cai et al., 2015) . 322
These stress responses observed in F. verticillioides could be explained by the proteome and 323 transcriptome studies in S. cerevisiae since the mutation in RACK1 homolog Asc1 impacted the 324 expression of various regulatory response components including those in MAPK kinase signal 325 pathway (Rachfall et al., 2013) . 326 327 RACK1 shares structural similarity, and therefore is hypothesized to function as a Gβ subunit and 328 physically interact with Gα subunits. In yeast, the interaction with one of the two Gα subunits, 329
Gpa2, was documented while RACK1 homolog in F. graminearum Gib2 was shown to interact 330 with one of three Ga proteins, Gpa1, and two Gg subunits (Palmer et al., 2006; Zeller et al., 2007) . 331
Interestingly, two studies in A. thaliana were not in agreement when characterizing the relationship 332 between RACK1 homolog and canonical G protein components. While one previous report in A. 333 thaliana using yeast two-hybrid and in vivo Co-IP assay failed to detect interactions between 334 RACK1 and G proteins, the other research group showed that scaffolding protein RACK1 335 interacted with Gb protein in A. thaliana validated by bimolecular fluorescence, split firefly 336 luciferase complementation and co-immunoprecipitation (Guo et al., 2009; Cheng et al., 2015) . In 337 our study, direct interaction between FvGbb2 with canonical heterotrimeric G proteins could not 338 be established by yeast two-hybrid and split luciferase complementation assays. We also could not 339 observe colocalization of FvGbb2-GFP with mCherry-FvGbb1 and FvGpa2-mCheery. However, 340 ∆Fvgbb2-gbb1 and ∆Fvgbb2-gpa2 showed more severe defects in FB1 production and 341 pathogenicity when compared to single mutant strains. We propose that although Gb protein 342
FvGbb1 and Gb-like protein FvGbb2 share similarity, their localizations and functions are distinct.
While FvGbb1 is expressed mostly in the vacuole in conidia and early elongation stage, FvGbb2 344 is highly expressed in the cytoplasm constitutively. We observed diverse roles FvGbb2 plays in F. 345 verticillioides, and this may be explained by how FvGbb2-GFP signal is distributed broadly in the 346 cytoplasm. Thus, it would be reasonable to hypothesize that FvGbb2 interacts with diverse partners 347 in the cell concurrently or sequentially, and in turn regulates differential gene expression and 348 translation of downstream proteins associated with vegetative growth, virulence, mycotoxin 349 biosynthesis, carbon utilization and stress response in F. verticillioides. The F. verticillioides strain M3125 was used as a wild-type strain in this study. All strains in this 356 study were cultivated on V8, 0.2xPDA and myro agar plates as described previously (Yan et al., 357 2019) . For spore gemination assay, equal amounts of newly harvested microconidia grown on V8 358 agar plates for 8 days were cultivated in 0.2x potato dextrose broth (PDB) (Sigma-Aldrich) for 5.5 359 h and 6.5 h with gentle shaking. For stress assay, strains with 4 μl of 1 × 10 6 conidial suspension 360 were grown on 0.2xPDA agar plates with various stressors including 0.01% SDS, 2 mM H2O2, 361 and 0.75 M NaCl. For carbon utilization assay, Czapek-Dox agar with four different carbon 362 sources in Czapek-Dox agar as follows: sucrose (30g/L), dextrose (10g/L), fructose (10g/L) and 363 xylose (10g/L) (Yan et al., 2019) . Fungal growth diameters were determined after 8 days of 364 incubation at room temperature. Perithecia formation was conducted by applying the same amount 365 of spores obtained from V8 agar plates and spread to the strain 3120 on carrot plates following the previous method (Sagaram and Shim, 2007) . For the amino acid starvation assay, 0.2xPDA with 367 3mM 3-amino-l,2,4-triazole (3AT) were used for testing the growth impact. We inoculated 0.5 ml 368 of spores (10 6 ) WT and mutants into 50 ml YEPD at constant shaking for 22 h. Following shaking, 369
3AT was added to bring the final concentration to 3mM. Time point samples were collected after 370 continuous gently shaking at 2h, 4h and 6h. All experiments had at least three replicates. and FvGBB1 genes were replaced with GEN gene in ∆Fvgbb2 background using the same strategy 380 as described above, respectively. For complementation, we used the native promoter followed by 381 the gene and terminator cotransforming with either pBSG (GEN) or pBP15 (HPH) plasmids to the 382 single mutant background. All knockout constructs and complementation fragments in this study 383 were amplified using Phusion Flash High-Fidelity PCR Master Mix (Thermo Scientific™: F548L) 384 following the manufacturer's instructions. All transformants were screened by PCR using Phire 385 Plant Direct PCR Kit (Thermo Scientific™: F130WH or F122S) and Taq DNA polymerase (NEB: 386 M0267S) to identify putative mutant strains. qPCR was used for further confirmations. All primers 387 used in this study were shown in Table S2 . FvSLT2 (FVEG_03043), and FvBCK1(FVEG_05000) were used to construct plasmids for yeast two-hybrid assay. These were amplified from F. verticillioides strain M3125 cDNA using Q5® 413
High-Fidelity DNA Polymerase and inserted in pGADT7 (Clontech, Mountain View, CA, USA) 414 as prey vectors. The full length of the coding region of FvGbb2 was cloned into pGBKT7 as a bait 415 vector. The resulting plasmids were verified by sequencing. The pair of yeast two-hybrid plasmids 416 were transformed into yeast strain AH109 following the instruction. We added 5 μl of 417 transformants (10 7 /mL) on SD/-Leu/-Trp (Clontech, Mountain View, CA, USA) and SD/-Ade/-418 His/-Leu/-Trp (3 mM 3-AT) agar plates. 419 420 Split luciferase complementation assay plasmids in this study were obtained as described 421
previously (Kim et al., 2012) . The coding region of each gene was amplified from WT strain cDNA 422 by Q5® High-Fidelity DNA Polymerase and inserted into pFNLucG or pFCLucH via In-Fusion® 423 HD Cloning (Clontech, Mountain View, CA, USA). The resulting constructs were validated by 424 sequencing. Transformation, selection and luciferin assay were followed by a previous description 425 (Zhang et al., 2018b) . 426 427 Fumonisin B1 and pathogenicity assays 428 429 For determining the FB1 production, cracked corns (2 g) were put in 20 mL scintillation vials 430 (VWR) and rehydrated with 1 mL sterilized water overnight followed by autoclaving. Fungal spore 431 solutions (200 μL, 10 6 /mL) were inoculated in each vial and cultivated at room temperature for 432 eight days. Additionally, four silver queen kernels were sterilized using the previous description, 433 but 10% bleach was used instead of 6% sodium hypochlorite (Christensen et al., 2012). Sterilized 434 living seeds were placed on the sterilized 90 mm Whatman filter paper and created a wound on the endosperm area by a scalpel. Fungal spore solution (100 μL, 10 6 /mL) were inoculated in each 436 vial and grown at room temperature for eight days. FB1 and ergosterol extraction methods were 437 described previously (Christensen et al., 2012) with a minor modification. In this study, we used 438 5 mL of 50% acetonitrile for FB1 extraction while 5ml of chloroform: methanol (2:1, v/v) for 439 ergosterol extraction. HPLC analyses of FB1 and ergosterol were performed as described (Shim 440 and Woloshuk, 1999) . FB1 levels were then normalized to ergosterol contents. These experiments 441 were carried out with three biological replicates. Stalk virulence was conducted on silver queen 442 hybrid seedling (Burpee) as previously described on corn seedling with minor modifications (Kim 443 et al., 2018) . Spores solution (5 μL, 10 7 /mL) were collected from V8 plates. The seedlings were 444 collected and imaged after a one-week growth in the dark room. 445
446
RNA extraction and relative gene expression study 447 448
For a 20 h qPCR study assay, a 2 mL conidia suspension (10 6 conidia/mL) was inoculated in 100 449 mL YEPD liquid medium and incubated at 150 rpm agitation for 3 days at room temperature. For 450 myro assay, a 200 μl conidia solution (10 6 conidia/ml) was inoculated in 100 ml YEPD liquid 451 medium for 3 days. Subsequently, mycelium was harvested through Miracloth (EMD Millipore) 452 and weighed 0.3g to 100ml myro liquid medium. Samples were collected after 7 days incubating 453 at 150 rpm. Three replicates were conducted for each strain. Total RNA was isolated using Qiagen 454 RNA Plant Mini kit following the kit instructions. For qPCR, cDNA was synthesized using the 455 Verso cDNA synthesis kit (Thermo Fisher Scientific). qPCR analyses were conducted on Step One 456 plus real-time PCR system using the DyNAmo ColorFlash SYBR Green qPCR Kit (Thermo Fisher 457 Scientific). Relative expression levels of each gene were calculated using a 2 −ΔΔCT method and normalized with F. verticillioides b-tubulin-encoding gene (FVEG_04081). All qPCR assays were 459 performed with three replicates. PKs primers were from a previous study (Ortiz and Shim, 2013) . 460
461
Microscopy 462 463 For hyphal branching imaging, minor modifications were made from a previous study 464 (Schultzhaus et al., 2015) . Briefly, strains were cultivated on 0.2xPDA agar plates for three days. 465 A block of agar was cut and put on a glass slide. Sterilized water (10 μL) water was added followed 466 by a coverslip. The sample was incubated at room temperature for 20 mins and examined by a 467 microscope (Olympus BX60). For GFP and mCherry assay, we used the same method but 468 indicated time conidia and hypha were used to image instead. Images were processed using ImageJ 469 software (Schneider et al., 2012) . 
